Abstract: New multifunctional PEG-grafted chitosan copolymers possessing both amino and carboxyl (4) or formyl (5) 
Introduction
Polyethylene glycol (PEG) is an important member of hydrophilic polymer, due to its unique properties of excellent solubility, chain flexibility, and non-toxicity. PEG-based polymers have numerous applications in biochemical [1, 2] , biomedical [3, 4] and heterogeneously catalytic fields [5, 6] . Particularly, advantages of PEGbased drug delivery systems include to improve the solubility of water-insoluble drugs, to stabilize and protect drugs from being subjected to the surrounding environment, to reduce the nonspecific uptake by the reticuloendothelial system (RES), and to prolong the circulation time in blood [7, 8] . Even though drug or catalyst fixation through physical adsorption is easy and low-cost to operate, the fixed drugs or catalysts easily fall off from the carriers during the operation period. For these reasons, synthesis of functional PEG-based polymers having the properties of reactivity, non-toxicity and biodegradability is of great interest. Special attention is currently given to chitosan, a poly(aminosaccharide), which is the principle component of living organisms such as fungi and crustaceans. Since chitosan itself is non-toxic, biodegradable and biocompatible, several biological applications including drug and gene delivery have been reported for chitosan-based materials [9, 10] . However, chitosan is only soluble in a few dilute acid solutions, which limits its chemical reaction availability and wide applications. When coupled with hydrophilic segments, the modified chitosan can exhibit hydrophilic character [11] . Recently, there has been a growing interest in the chemical modification of chitosan to improve its solubility, increase its chemical reaction availability and widen its applications [12, 13] .
In this study, we desig ned and synthesized multifunctional PEG-grafted chitosan copolymers possessing either amino and carboxyl or amino and formyl groups, HO-PEG-g-CS-COOH (4) and HO-PEG-g-CS-CHO (5) (See Scheme 1). Both copolymers may have potential utility in gene/drug co-delivery or heterogeneous catalysis.
Experimental procedure

Materials
1-Ethyl-3-(3-dimethyllaminopropyl)carbodiimide (EDC), N, N′-dicyclohexylcarbodiimide (DCC) and N-hydroxysuccinimide (NHS) were purchased from Alfa Aesar. Chitosan (CS) with a degree of deacetylation of 92 mol% per sugar unit and a number-average molecular weight of 46,000 was purchased from Jinan Haienbei Marine Bioengineering Corporation of China. Other reagents from Sinopharm Chemical Reagent Co., Ltd. were of the highest commercially available quality and purified before use.
Synthesis of prepolymers HO-PEG-CN (1) and HO-PEG-COOH (2)
The prepolymer HO-PEG-CN (1) was synthesized according to the reported method [14] . In a general procedure: 10 mL of THF solution in acetonitrile (4.4 mmol) and 18-crown-6 (4.4 mmol) was added at 25°C under Ar into a polymerization flask containing potassium naphthalide (K-NaPh, 4.4 mmol) in 10 mL of THF. The mixture was stirred for 0.5 h to give a red solution. The red solution was cooled in a water bath, and 25 mL of distilled ethylene oxide (EO) (0.45 mol) was added via a cooled syringe under Ar stream. The solution was stirred for 48 h in the water bath under Ar atmosphere. As the reaction proceeded, the reaction mixture became viscous. Polymers formed and were purified by precipitation in a large excess of ether and freeze-drying from benzene solution. This lead to a white powder of heterobifunctional poly(ethylene oxide) (HO-PEG-CN, 1) (13.7 g, in yield of 57.2%). The synthesized HO-PEG-CN (3.0 g) was dissolved in 100 mL of 40 w/w% NaOH aqueous solution, and the mixture was refluxed for 8 h. The reaction mixture was cooled to room temperature, adjusted to pH 8 with hydrochloric acid, and extracted with 30 mL of chloroform five times.
The chloroform extracts were then concentrated and triturated with an excess of diethyl ether to collect a
Scheme 1. Synthetic procedure for HO-PEG-g-CS-COOH (4) and HO-PEG-g-CS-CHO (5)
white solid. The solid was acidified with hydrochloric acid, triturated with excess of diethyl ether, and further purified through cryodesiccation from benzene solution to lead to a white powder, HO-PEG-COOH (2) (2.3 g, 76.6% yield, GPC: Mw=1983, Mz/Mw =1.33, see Fig. 1 and the repeating unit of ethylene oxide in the prepolymer is 45).
Synthesis of carboxymethyl chitosan
The synthesis of carboxymethyl chitosan, (CS-COOH) (3) was previously reported elsewhere [15] . In a general procedure: 4.60 grams of chitosan (CH 2 OH: 28 mmol) in a 250-mL flask was activated with 100 mL of aqueous solution of NaOH (1.50 g) at room temperature for 2.5 h. mLChloroacetic acid in 100 mL of dimethylsulfoxide (11.50 g, 122 mmol) was added dropwise into the above activated chitosan solution at 0°C over 0.5 h, and then hexadecyl trimethyl ammonium bromide (0.25 g) was added as a catalyst. The mixture was heated to 50°C and refluxed for 6 h. The resulting reaction mixture was poured into a beaker containing 200 mL of water, and the pH value of the mixture was adjusted to 7.0 with acetic acid to yield a precipitate. The precipitate was purified by filtration, dialysis, and cryodesiccation to get a bright yellow powder, CS-COOH (3) (3.77 g, 80% yield).
Synthesis of the polymer HO-PEG-g-CS-COOH (4)
A mixture containing HO-PEG-COOH (2) (2.65 g, 1 mmol of COOH), EDC (0.23 g, 1.2 mmol), and NHS (0.17 g, 1.5 mmol) in 30 mL of deionized water was refluxed at room temperature for 24 h to get carboxyl-activated compound 2 solution. Compound 3 (0.55 g, 2.62 mmol of NH 2 ) in 60 mL of chloroform was added dropwise at room temperature over 0.5 h into the above mentioned carboxyl-activated compound 2 solution. The resulting mixture continued to be stirred at room temperature overnight to obtain a yellowish solid. The solid was further purified by means of column chromatography using Sephadex-25, dialysis and cryodesiccation to get a yellowish powder, HO-PEG-g-CS-COOH (4) (2.77 g, 83% yield).
Synthesis of the polymer HO-PEG-g-CS-CHO (5)
A mixture containing compound 4 (1.5 g, 1.4 mmol of COOH), DCC (0.45 g, 2 mmol), and NHS (0.28 g, 2.5 mmol) in 100 mL of dried dimethyl sulfoxide was refluxed at room temperature for 24 h to get carboxylactivated compound 4 solution. 4-aminobenzaldehyde (0.36 g, 3 mmol of NH 2 ) in 20 mL of dried dimethyl sulfoxide was added dropwise at room temperature over 0.5 h into the above mentioned carboxyl-activated compound 4 solution. The resulting mixture continued to be stirred at room temperature overnight. The resulting reaction mixture was concentrated, and further purified by dialysis and cryodesiccation to get a yellowish powder, HO-PEG-g-CS-CHO (5) (1.66g, 93% yield).
Characterization
Nuclear magnetic resonance (NMR) spectra were recorded using a Varian Mercury 400-MHz NMR Figure 1 . The GPC spectra of HO-PEG-COOH spectrometer. Fourier transform infrared (FT-IR) spectra were recorded on a Bio-Rad FTS 135 spectrophotometer. To avoid the strong and broad absorption bands of moisture at 3,450 and 1,635 cm −1 , all specimens were made by mixing and milling the fine powdered polymer with liquid paraffin to a pasty mass. The molecular weight and molecular weight distribution of the polymers were determined by gel permeation chromatography (GPC) with Waters 1515 GPC.
Results and discussion
End-heterobifunctional PEGs have been playing a larger role in the fields of biology, biomedicine and food chemistry, due not only to their unique PEG intrinsic properties of excellent solubility, chain flexibility and nontoxicity, but also good chemical reaction availability. In general, the end-functionalized PEGs are synthesized through the ring-opening polymerization of ethylene oxide through anionic initiators [14] . The functional PEGs with desired end groups can be achieved by using the initiator containing defined functionality. Here, we synthesized heterobifunctional PEG, HO-PEG-CN (1), with a cyano group at one end and a hydroxyl group at the other terminus through anion ring-opening polymerization of ethylene oxide using potassium acetonitrile as initiator and 18-crown-6 utilized to avoid the possible side reaction of dianionic acetonitrile formation. Compound 1 can be easily hydrolyzed to obtain the compound, HO-PEG-COOH (2) (Mn=997, Mw=1983, MP=2169 and Mw/Mn=1.98 are shown in Fig. 1) , with a carboxyl group at one end and a hydroxyl group at the other end. Compared with the IR spectra of compound 1 (Fig. 2a) with a characteristic absorption band at 2129 cm -1 (γC≡N), there appears to be a new characteristic absorption band at 1730 cm -1 (γC=O) without C≡N group absorption in the IR spectra of compound 2 (Fig. 2b) . The 1 H NMR spectra of compound 1 dissolved in deuterated acetonitrile is shown in Fig. 3 Compound 4 can be easily synthesized by the acylation reaction between carboxymethyl chitosan, (CS-COOH, 3) and HO-PEG-COOH (2) activated with EDC and NHS. The IR and 1 H NMR spectra of compound 4 are shown in Fig. 2d and Fig. 3 , respectively. Compared with the IR spectra of compound 2 ( Fig. 2b) with the characteristic absorption of γC=O at 1730 cm -1 and compound 3 ( Fig.  2c) with strong characteristic absorption bands of γC=O at 1720 cm -1 , δN-H at 1500~1650 cm -1 , and γN-H at 3300 -3500 cm -1 , the IR spectra of compound 4 ( Fig. 2d ) appears to have some enhanced absorption at about 1655 cm -1 (γC=O in O=C-NH-), decreased absorption at 3300~3500 cm -1 (γN-H), and no absorption at 1730 cm -1 from the segment of compound 2. This result is due to the coupling of free amino and carboxyl groups to form acetyl amide through the acylation reactions between free amino groups in compound 3 and carboxyl groups in compound 2. The characteristic chemical shifts of compound 2 (3.2~3.8 ppm) and compound 3 (2.457~4.913 ppm) in the 1 H NMR spectra of compound 4 are also exhibited. The m/n molar ratio in compound 3 is 0.08/0.92 calculated from the degree of deacetylation of 92 mol% sugar unit −1 . The (n−x)/x molar ratio in compound 4 is 0.68/0.32 calculated by the method of Muzzarelli [16] . Of significant importance, the content of free amino groups of compound 4 can be adjusted through controlling the reaction molar ratio of compound 2 and 3.
Compound 4 was activated with DCC and NHS and allowed to react with 4-aminobenzaldehyde to get compound 5, HO-PEG-g-CS-CHO, with a formyl group at one end. Compared with the IR spectra between compound 4 ( Fig. 2d ) and compound 5 (Fig. 2e) , there appears to be an obvious chemical shift change of γC=O absorption band from 1720 cm -1 for compound 4 to 1642 cm -1 for compound 5 due to the conjugation of the phenyl group, and there also appears to be a strengthened stretching vibration absorption band of substitutive benzene at 953 cm -1 in the IR spectra of compound 5. Additionally, compound 5 exhibits the characteristic chemical shifts in the 1 H NMR spectra of compound 4 ( Fig. 3): 7.45~7.89 ppm (m, H in benzene), 9.9 ppm (s, H in -CHO), 3.2~3.8 ppm (H in PEG segment) and 2.457~4.913 ppm (H in chitosan segment).
As we well know, polyethylenimine (PEI) has been most popularly employed as cationic gene carriers due to its high transfection efficiency [17, 18] . However, its acute cytotoxicity is a serious problem. Sugar is a practically non-toxic polymer, in which the primary and secondary amines can be protonated in a physiological milieu. Sugar-based materials have been popularly used in gene delivery, while the transfection efficiencies are comparable to that of PEI [19] .
The main obstacles to long circulation and biocompatibility of drug or gene carriers are considered to be glomerular excretion in the kidney, recognition by the reticuloendothelial system (RES) located in the liver, spleen and lung, and the threshold molecular weight that exists for glomerular filtration, which is 42,000-50,000 [20] . The molecular weights of the synthesized copolymers of HO-PEG-g-CS-COOH (4) and HO-PEGg-CS-CHO (5) are in the range of 42,000 to 50,000, and their molecular weight after being biodegraded is far lower than 42,000, which is beneficial by excretion through the kidney.
Most attractively, the synthesized copolymers of HO-PEG-g-CS-COOH (4) and HO-PEG-g-CS-CHO (5) possess both amino and carboxyl or amino and formyl groups. The carboxyl or formyl groups may conjugate drugs such as paclitaxel to form pH-sensitive chemical bonds for pH-controlled release of drugs, and the amino groups may be potential sites to bind genes, which achieves gene/drug co-delivery [21] . 
Conclusion
New multifunctional polymers of HO-PEG-g-CS--COOH (4) and HO-PEG-g-CS-CHO (5) possessing both amino and carboxyl or amino and formyl groups were successfully designed and synthesized. They may have potential utility in the fields of gene/drug co-delivery for controlled release and heterogeneous catalysis. Further investigation of the synthesized polymers is underway in our laboratories.
